Various enantiomerically pure a-hydroxy esters were synthesized by asymmetric hydrogenation of a-keto esters catalyzed by Ru-C n -Tunephos complex. Up to 97.1% ee has been achieved for both a-aryl and a-alkyl substituted a-keto esters.
Enantiomerically pure a-hydroxy acid derivatives are very important chiral building blocks for the synthesis of a variety of natural products and biologically active molecules, 1 e.g., angiotensin converting enzyme inhibitors: benazepril, 2 delapril hydrochloride, 3 and clopidogrel bisulfate 4 (Scheme 1). An effective method for preparing this class of compounds involves asymmetric hydrogenation of the corresponding a-keto esters. 5 Despite the tremendous progress made on the asymmetric hydrogenation of b-keto esters, highly enantioselective hydrogenation of a-keto esters has not been fully explored.
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Scheme 1 Example of an ACE inhibitor
Although axially C 2 -symmetric biaryl bisphosphines such as BINAP, 7 BIPHEP 8 and MeO-BIPHEP 8 ( Figure 1 ) are effective chiral ligands for many asymmetric hydrogenation reactions, the current substrate scope of asymmetric hydrogenation is still far from satisfactory. It is well known that subtle changes in conformation, steric and electronic properties of the chiral ligands can often lead to dramatic variation of reactivities and enantioselectivities. Therefore, considerable efforts have been made toward the design and synthesis of a variety of atropisomeric ligands based on the biphenyl, binaphthyl or other biaryl backbones.
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Figure 1
Recently, we have developed a novel class of bisphosphine ligands (C n -Tunephos, n = 1-6) with tunable dihedral angles. 11 These ligands allow us to systematically study the influence of dihedral angles of atropisomeric biaryl bisphospines on the reactivity and enantioselectivity of asymmetric hydrogenation reactions. For example, in the Ru-catalyzed asymmetric hydrogenation of b-keto esters 10 and a-phthalimide ketones, 11 C 4 -Tunephos and C 3 -Tunephos have given the best enantioselectivities (up to 99% ee) among the C n -Tunephos ligands. We envision that a tunable chiral pocket is very important for achieving high enantioselectivity for the hydrogenation of a-keto esters. Herein we report the systematic study of Rucatalyzed asymmetric hydrogenation of a-keto esters using a series of chiral biaryl bisphosphines (C n -Tunephos, n = 1-6) with tunable dihedral angles. Up to 97.1% ee has been achieved for both a-aryl and a-alkyl substituted a-keto esters. We initiated our study by choosing 6a as the model substrate and screened a number of Ru-C n -Tunephos complexes to examine both the ligand effects and the influence of different metal complexes. Some representative results are shown in Table 1 . Hydrogenation of 6a catalyzed by Ru[(S)-C 3 -Tunephos](OAc) 2 (1) 12 proceeded slowly and resulted in low enantioselectivity (Table 1 , entry 1). Similar results have been observed for the hydrogenation of b-keto esters and changing the carboxylate ion to halide can enhance reactivity and enantioselectivity. 13 Therefore, we explored several Ru-halide complexes for the hydrogenation reactions. When [RuCl(benzene)(S)-C 3 -Tunephos]Cl (2) 6b was employed as catalyst, 94.5% ee was observed at room temperature (Table 1 , entry 2). However, under the same reaction conditions hydrogenation of 6a with [RuCl(cymene)(S)-C 3 -Tunephos]Cl (3) 6b gave only <10% conversion and 47% ee (Table 1, entry 3). A possible reason is that the dissociation of the h 6 -cymene ligand in 3 requires higher energy than that of the h 6 -benzene ligand in 2. As expected, the reaction proceeded smoothly at 50°C with 3 and 94% ee and 100% conversion were observed ( To test the effect of dihedral angles of chiral biaryl ligands on the enantioselectivity of the reactions, a series of (S)-C n -Tunephos 10 was examined (Table 1 , entries 5-10). While ligands (S)-C 1 -C 6 Tunephos showed similar reactivity, the enantioselectivity varied dramatically. The optimal ee (97.1%) was achieved with (S)-C 3 -Tunephos. To the best of our knowledge, this is the highest ee reported for hydrogenation of this kind of substrate. Hydrogenation of 6a with Ru-BINAP complex only leads to 79% ee. Compared with BINAP, tunable C n -Tunephos provides an opportunity to optimize chiral catalytic pockets for a given substrate.
In the proposed transition state model, hydride transfer to ketones is the stereochemically defining step. The strong interaction between the R group from a-keto esters and the equatorial phenyl group makes A a disfavored species compared with B (Figure 2 ). According to this model, Sconfiguration reductive product was obtained due to the addition of H to the Re face of the ketone.
Figure 2
Under optimized reaction conditions (Table 1 , entry 7), a variety of a-aryl substituted a-keto esters 6a-i were examined for the hydrogenation reaction with RuCl 2 [(S)-C 3 -Tunephos](DMF) m (4c, Table 2 , entries 1-9). High enantioselectivities have been achieved with the exception of o-fluoro-substituted a-keto ester 6d (Table 2, entry 4). There is no major electronic effect on the substitution pattern of the substrates (92.4-96.9% ee). A proposed explanation of the low ee (84.6%) with the o-fluoro-substituted a-keto ester 6d is that competing coordination of the ofluoro group exists in the Ru system. For a-alkyl-substituted a-keto esters 6j-l, high enantioselectivities (95-96% ee) have also been observed regardless of the steric hindrance (Table 2 , entries 10-12). To provide a key intermediate for the synthesis of ACE inhibitors benazepril (Figure 2) , we have carried out the hydrogenation of 6m and up to 95.8% ee has been achieved, which represents the highest ee ever reported for the hydrogenation of this challenging substrate (Table 2, entry 13). Therefore, our hydrogenation of a-keto esters with 4c provides a broad substrate scope. 15 In conclusion, a family of chiral bisphosphines with tunable dihedral angles has been employed in the asymmetric Ru-catalyzed hydrogenation of a-keto esters, and up to 97.1% ee has been achieved with RuCl 2 [(S)-C 3 -Tunephos](DMF) m (4c) as the catalyst. The highly enantioselective hydrogenation provides a powerful way to prepare chiral a-hydroxy esters, which are important 
